Little is understood regarding the impacts of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure during early development on the health, survival, and reproductive capability of adults. Here we use zebrafish to determine whether early life stage exposure to TCDD induces toxicity in adult zebrafish and their offspring. Zebrafish were exposed to graded concentrations of TCDD (0-400 pg/ml) via waterborne exposure for 1 h/week from 0 to 7 weeks of age. The heart and swim bladder were identified as being most sensitive to TCDD exposure during early development. Subtle developmental toxic responses collectively impaired survival, and only zebrafish in the 0, 25, and 50 pg TCDD/ml groups survived to adulthood. Surviving fish exhibited TCDD toxicity in craniofacial structures (i.e., operculum and jaw), heart, swim bladder, and ovary. Exposure to 25 pg TCDD/ml impaired egg production (40% of control), fertility (90% of control), and gamete quality. TCDDtreated males contributed more than females to impaired reproductive capacity. Transgenerational effects were also discovered in that offspring from parents exposed to TCDD during early life stages showed a 25% increase in mortality compared with the F1 of dimethyl sulfoxide fish, reduced egg production (30-50% of control) and fertility (96% of control). Thus, adverse effects resulting from TCDD exposure during early life stages for one generation of zebrafish were sufficient to cause adverse health and reproductive effects on a second generation of zebrafish. In the environment, transgenerational effects such as these may contribute to population declines for the most TCDD sensitive fish species.
Halogenated aromatic hydrocarbons (HAHs) constitute a class of ubiquitous and persistent environmental contaminants that include polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, and polychlorinated dibenzofurans. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is generally considered to be the most potent HAH and is often used as a model compound to assess the toxicity of HAHs. Several studies have demonstrated that TCDD has the potential to modulate early development and reduce reproductive success of fish, and TCDD is a known endocrine disruptor. Because endocrine signaling is important for the regulation of early development and gonad differentiation, exposure to such compounds during critical ontogenetic periods may cause permanent functional changes that result in reduced fitness and reproductive capacity later in life (Bigsby et al., 1999; Guillette et al., 1995; Segner, 2006) .
In fish, exposure to TCDD during early development causes cardiovascular dysfunction, edema, hemorrhages, craniofacial malformations, growth arrest, and mortality in larvae Henry et al., 1997; Hill et al., 2005; Peterson et al., 1993; Spitsbergen et al., 1988 Spitsbergen et al., , 1991 Tanguay et al., 2003; Walker et al., 1991; Walker and Peterson, 1994) . The cardiovascular system and craniofacial structures are particularly susceptible to perturbation by TCDD following embryonic exposure (Carney et al., 2006; Xiong et al., 2008) . Exposure to TCDD as juveniles or as adults results in reproductive toxicity that is manifested by alterations in gonad development, egg production, reproductive and parental behaviors, and circulating 17b-estradiol concentrations, as well as reduced offspring survival (Giesy et al., 2002; Hutz et al., 1999; King Heiden et al., 2005 Palstra et al., 2006; Peterson et al., 1993; Wu et al., 2001) . Collectively, this work demonstrates the high susceptibility of fish to TCDD during early development that culminates in larval mortality associated with blue sac syndrome, and that exposure of juvenile and adult fish to TCDD results in endocrine disruption and reproductive failure.
Although this body of work has provided great insight into the developmental and reproductive toxicity of TCDD in fish, identifying whether exposure to such compounds contributes to population declines of wild fish species remains unresolved as the long-term effects of exposure to TCDD during early life stages are not known. In order to better understand the population-relevant effects of TCDD-like compounds in fish that are exposed during the sensitive early development period, we transiently exposed zebrafish to graded concentrations of TCDD during early developmental and gonad differentiation stages of development. The goal of this research was to identify threshold concentrations of TCDD for early life stage and gonad differentiation stage exposure that cause in adult zebrafish: (1) reduced survival, (2) craniofacial and cardiac toxicity, and (3) impaired gonad development and reduced reproductive capacity. In addition, we sought to determine in the offspring of adult zebrafish who were exposed during early development and gonad differentiation to graded doses of TCDD: (4) adverse effects on the survival, health, and reproductive capacity of their offspring.
We chose the zebrafish as a model because it has been used for investigating the aryl hydrocarbon receptor (AHR) signaling pathway in fish, identifying endpoints of TCDD developmental toxicity, and understanding mechanisms of TCDD toxicity at the cellular and molecular levels (Carney et al., 2006; Heideman et al., 2005; Henry et al., 1997; Hill et al., 2005) . The zebrafish has also been validated for use in both partial and full life-cycle tests for endocrine disrupting compounds (Ankley and Johnson, 2004) , and is a member of a large and ecologically important family of fish (Cyprinidae).
MATERIALS AND METHODS
Test species, waterborne exposure of fish to TCDD and fish husbandry. Fertilized eggs were collected from AB strain zebrafish and were raised according to procedures described by Westerfield et al. (1997) . 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, > 99% purity from Chemsyn, Lenexa, KS) was dissolved in dimethyl sulfoxide (DMSO) for preparation of dosing solutions. Figure 1 is a summary of the experimental design for the present study. TCDD exposures were done in two blocks (replicates). Because the data did not differ significantly across blocks; they were combined. Experimental groups (n) were defined as the set of embryos exposed to DMSO or TCDD within a single container; the number of fish within each experimental group is defined for individual experiments. For reproductive capacity experiments, n is defined as a ''spawn unit.'' To determine whether early life stage exposure to TCDD induces latent toxicity in adults, zebrafish were exposed to graded concentrations of TCDD once weekly during early developmental stages through sexual differentiation (0-7 weeks of age). The first exposure was shortly after fertilization (4-6 h postfertilization [hpf] ; 10 embryos/ml were exposed to 0.1% DMSO [vehicle control] or to graded concentrations of TCDD [25, 50, 100, 200, or 400 pg/ ml] ). There were a total of six experimental groups (n ¼ 6) for the vehicle control (DMSO) and for each TCDD concentration to be tested; each experimental group (n) consisted of 50 embryos. Following the first vehicle or TCDD exposure, the 50 embryos in each group were rinsed and separated into three subgroups. Experimental subgroup A consisted of 10 fish, and was used to assess early development and TCDD toxicity (n ¼ 6). Experimental subgroups B and C consisted of 20 fish each, and were used for subsequent exposures (described below; n ¼ 12). All exposed fish were transferred to TCDD-free, fresh fish water (60 mg/l Instant Ocean Salts; Aquarium Systems, OH) and maintained at 1 fish/5 ml density for the first week of development.
The next seven static waterborne exposures for the vehicle group (DMSO, control) and five TCDD groups (25, 50, 100, 200, or 400 pg/ml) lasted for 1 h and were conducted at 1, 2, 3, 4, 5, 6, and 7 weeks postfertilization (wpf). There were a total of 12 groups (n ¼ 12) for the vehicle control (DMSO) and 12 groups (n ¼ 12) for each TCDD concentration to be tested (subgroups B and C). Each group (n) consisted of 20 fish. Between the weekly 1 h pulse exposures to TCDD, fish were raised in static beakers of TCDD-free fish water (at a density of one fish per 20 ml) at 26-28°C on a 14-h light and 10-h dark cycle. Because TCDD is a highly persistent contaminant, and the half-life of TCDD in zebrafish is not known, fish were likely continuously exposed to TCDD throughout early development and sexual differentiation, and beyond cessation of waterborne exposures. Fish were fed twice daily with paramecia, brine shrimp and dried food (AP100, Zeigler, Garner, PA), and 50% water changes were performed daily. Fish were observed daily for overall health, signs of toxicity, and mortality.
At 8 weeks postfertilization (wpf), surviving fish from all groups within a particular treatment (i.e., DMSO vehicle control, 25 or 50 pg TCDD/ml) were combined and moved to re-circulating aquaria where the water temperature was maintained at 25-27°C with the same light/dark cycle. Zebrafish in the recirculating aquaria were maintained at a density of one fish per gallon of water. Fish were fed fresh brine shrimp twice and trout chow or Aquatox food (Aquatic Eco-Systems, Apopka, FL) once daily. Fish were observed daily for overall health, signs of toxicity, and mortality through adulthood.
Dose-dependent developmental toxicity. Embryos/larvae within subgroup A were evaluated daily under a dissecting microscope (0-7 days postfertilization, dpf) to assess TCDD toxicity including: pericardial or yolk sac edema, shortened jaw, and failure to inflate the swim bladder. At 5 dpf, the percent of larvae exhibiting either blue sac syndrome (defined as embryos having a combination of yolk sac edema, pericardial edema, and overt craniofacial malformations) or failure to inflate the swim bladder was recorded (n ¼ 6/ treatment where n ¼ 1 is defined as a group of 10 larvae).
Growth and severity of the toxic effects were quantified by measuring pericardial and yolk sac edema, as well as length of the lower jaw of three representative larvae from each group (n ¼ 6; where n ¼ 1 is defined as a set of three larvae; results averaged). Larvae were immobilized in 3% methylcellulose and lateral images were acquired using an Optronics MicroFire camera mounted on a Leica MZ16 stereomicroscope (Bannockburn, IL). Micrographs were analyzed using Scion Image software to measure total body length as a measure of growth, and lower jaw length, as well as pericardial and yolk sac area as a measure of edema. The percentage of 5 dpf larvae (incidence of effect) with uninflated swim bladders, overt jaw malformations, pericardial edema, and yolk sac edema was calculated for each treatment group. Dose-response effects on heart function. Because the heart is a key target organ for TCDD-induced developmental toxicity, we sought to determine the dose-dependent effects of TCDD on heart function. In separate experiments, 10 embryos/ml (n ¼ 5/treatment) were exposed to 0.1% DMSO (vehicle control) or 25, 50, 100, 200, or 400 pg TCDD/ml via 1-h static waterborne exposure shortly after fertilization (4-6 h postfertilization). At the end of the 1 h exposure, fish were transferred to fresh water. At 24 hpf, 0.003% 1-phenyl-2-thiourea (PTU) was added to the fish water to prevent pigment formation. At 96 hpf, three representative embryos from each treatment group (n ¼ 5 where n ¼ 1 is defined as a set of three larvae; results averaged) were used to assess heart function. The entire experiment was run in duplicate. Embryos were immobilized in 3% methylcellulose and photographed ventrally to visualize the heart. For assessing heart function, embryos were oriented laterally and images were acquired using an using an Optronics MicroFire camera mounted on a Nikon TE300 inverted microscope with a Princeton Instruments Micromax charge-coupled, high-speed Motion Scope camera. Incidence of ventricular standstill and the heart rate, stroke volume, and cardiac output were determined from time-lapse recordings (250 frames/s) as previously described (Antkiewicz et al., , 2006 . The proportion of these larvae (incidence) with reduced heart function (cardiac output < 1 SD of the mean for DMSO fish) was 76 KING HEIDEN ET AL. calculated for each treatment group. These fish were euthanized at the completion of experiments, and were not part of the population used in latent toxicity experiments.
Toxicity in adults prior to spawning. Once fish exposed to 0, 25, and 50 pg/ml TCDD from 0 to 7 wpf reached sexual maturity (3 months), sex was determined via external morphological characteristics (confirmed later by histology), and males and females were placed in separate tanks. A subsample of fish (n ¼ 5 or 6 fish per treatment) were euthanized with 3-aminobenzoic acid ethyl ester (MS-222, Sigma, St. Louis, MO) and processed for histopathology. Wet weight and total length were recorded and condition factor (CF ¼ length/ weight 3 3 100) was calculated for each fish. Fish were fixed with 10% Zn formalin, decalcified with Cal-ExII, dehydrated in a graded series of ethanol, cleared in xylene, and embedded in paraffin. During paraffin embedding, fish were bisected laterally (to minimize the number of sections required for analysis of several organ systems) into dorsal and ventral halves using the center of the eye as a landmark. Fish were embedded cut side down and sectioned at 5 lm, mounted on slides, and stained with hematoxylin and eosin. Histopathologic lesions were evaluated from four sections at two separate levels within each fish.
Reproductive capacity. Evaluations of reproductive capacity were initiated when remaining DMSO-and 25 pg TCDD/ml-treated fish reached 6 months of age; each experiment consisted of four spawn events (once per week). For all experiments, fish were allowed to spawn for approximately 3 h after the lights came on in the morning, following standard spawn procedures. Released eggs were collected and maintained at 28°C, and both fertilized and unfertilized eggs were counted approximately 2-3 h later.
To assess reproductive capacity of the population (i.e., the treatment group as a whole in group spawns), fish were spawned in two groups (population effects, 2 females:1 male) and these fish were used in a total of four spawn events. It is possible that exposure to TCDD could cause reproductive failure in some fish, whereas not affecting others. Alternatively, reproduction could be impaired in all fish. To determine if exposure to 25 pg TCDD/ml caused complete reproductive failure for some of the fish within the population, fish also were spawned in pairs (individual effects, 1 female:1 male). For these experiments, there were seven spawning pairs (units) of zebrafish per treatment and four spawn events. Finally, to determine whether exposure to TCDD had ''sex-dependent'' impacts on reproduction, TCDD-treated females were spawned individually with vehicle control males [sex-dependent effects, one TCDD-treated female (1TF) x one DMSO male (1DM)], and vehicle control females were individually spawned with TCDD-treated males [sex-dependent effects, one DMSO female (1DF) x one TCDD-treated male (1TM)]. There were seven spawning pairs (units) of zebrafish per treatment and a total of four spawn events. For all three experiments, egg production and percent of fertilized eggs were not different across spawn events within a treatment group. Therefore, we averaged outcomes of all spawn events for each type of experiment as an estimate of reproductive capacity.
To assess impacts of TCDD exposure on gamete quality (survival through 24 hpf) and early embryonic development in all three experiments, four subsets of fertilized eggs per spawn (10 eggs per subset) from each spawn unit (group or pair) were raised in fresh fish water through 5 dpf (n ¼ 2 or 7 per treatment) for each spawn event. Mortality and early development of offspring were monitored as described above through 5 dpf.
Maternal transfer of TCDD. To determine whether offspring were exposed to TCDD via maternal transfer, CYP1A enzyme activity was assessed as a marker of TCDD exposure using the in vivo ethoxyresorufin-O-deethylase (EROD) assay as previously described (Nacci et al., 1998) . Live embryos (F1) from TCDD-and DMSO-treated fish were collected from the second, third, and fourth population spawn experiments described above. Some eggs from DMSO-treated fish were exposed to 400 pg TCDD/ml via waterborne exposure at 4 hpf for 1 h as a positive control (n ¼ 5; 10 embryos/ml). At 96 hpf, embryos were incubated individually for 5 min in 7-ethoxyresorufin, which is O-deethylated by CYP1A to resorufin. Fish were rinsed with fish water and FIG. 1. Summary of TCDD experimental design for the zebrafish study. Shown are specific times during early development and gonad differentiation when F0 zebrafish were exposed to waterborne TCDD and when endpoints of toxicity were assessed. Abbreviations: F0, parental generation; F1, first filial generation; CYP1A, cytochrome P4501A. See text for specific descriptions for each experiment.
PERSISTENT AND TRANSGENERATIONAL TCDD TOXICITY IN ZEBRAFISH after allowing an additional 5 min for the reaction to occur, embryos were mounted in 3% methylcellulose for observation and imaging with epifluorescence microscopy (excitation k, 577 nm; emission k, 620 nm). For these experiments, five embryos per treatment (DMSO F1, TCDD F1, and DMSO F1 treated with TCDD) were individually exposed to 7-ethoxyresorufin, and n ¼ 1 is defined as a single embryo. The experiment was repeated three times for a total n ¼ 15 for each treatment group.
Toxicity in adults after spawning. Following all spawn trials, 10 males and 10 females from each treatment group were euthanized. The only exception was the 25 pg TCDD/ml group where seven females were euthanized. Wet weight and total length were recorded, and used to calculate CF for each fish as described above. Fish were then fixed and processed for histopathology as described above. One female from the 25 pg TCDD/ml group was unable to be analyzed for histopathology. Additionally, 10 separate male fish from each treatment group were photographed in the lateral orientation for gross microscopic observation. Micrographs were analyzed using Scion Image software to measure total body length, snout length, head size (area of head from snout to edge of operculum), and operculum length. Snout length, head size, and operculum length were expressed relative to total body length.
Transgenerational effects. After the completion of all spawn trials, DMSO-and TCDD-treated fish were spawned (n ¼ 2 population spawns/ treatment) and five cohorts of offspring (n ¼ 5 groups of F1 fish per spawn group for a total of n ¼ 10 cohorts of F1/dose; 20 fish per cohort) were raised to adulthood as described above. Fish were observed daily for overall health and mortality as described above. Once F1 fish reached maturity, sex ratio was determined via external morphological characteristics. Evaluations of reproductive capacity (population, individual and sex-dependent effects) were initiated when F1 fish reached 6 months of age as described above (n ¼ 10 spawn pairs for the individual and sex-dependent spawn trials). Wet weight, total length, and jaw length were recorded, and CF was calculated for 10 males and females.
Data analysis. Statistical analyses were performed using Sigma-Stat software 2.0 (Ashburn, VA) and results are presented as mean ± SE. Data were evaluated for homoscedasticity (Leven Median test), and one-way ANOVA; pair-wise multiple comparisons were conducted using Tukey's test. The Fisher's Exact Probability test was used to determine whether TCDDexposed larvae showed altered sex ratios compared with DMSO vehicle control. The level of significance for all analyses was p < 0.05.
RESULTS

Dose-Dependent Developmental and Cardiac Toxicity
Following 1-h pulse exposure to 200 pg TCDD/ml at 4 hpf, 120 hpf larvae showed increased incidence of blue sac syndrome ( Fig. 2A) , a hallmark of TCDD-induced developmental toxicity in fishes. However, the severity of blue sac syndrome and individual endpoints of toxicity (i.e., degree of edema, Fig. 2B ) was minimal, and only those in the 400 pg TCDD/ml-treatment group showed significant increases in grossly evident pericardial or yolk sac edema, or shorter jaws. Gross morphology of those exposed to <200 pg TCDD/ml appeared similar to control larvae (Fig. 2B ) except for a decreased incidence of swim bladder inflation (results not shown). Developmental toxicity was subtle, and although the swim bladder was not inflated in these fish, larvae did not appear emaciated (Fig. 2B) . Larval growth; however, was affected in zebrafish exposed to 100 pg TCDD/ml, as their total length was 92-97% of control (p < 0.05).
Although heart rate was not altered, exposure to TCDD caused dose-dependent decreases in stroke volume (results not presented) and cardiac output (Fig. 2C) , even when no significant gross heart malformations or pericardial edema were observed (Fig. 2D) . Of the developmental toxicity endpoints observed following exposure to sublethal concentrations of TCDD, failure to inflate the swim bladder and an increased incidence of reduced heart function were most common, whereas effects on jaw length and pericardial and yolk sac edema were less common (Fig. 3) .
Impacts on Survival and Latent Toxicity
Weekly 1 h pulse exposures to TCDD for 7 wpf resulted in a dose-dependent increase in mortality for all treatment groups (Fig. 4) . Only those exposed to 25 and 50 pg TCDD/ml survived to 8 wpf. Between 2 and 3 months, three fish within the 50 pg/ml treatment group had fin necrosis and slightly darker pigmentation and were euthanized because they demonstrated signs of deformities or severe stress (i.e., severely bent spines and/or lethargic swimming behavior). Those in the 25 pg TCDD/ml group did not show signs of overt toxicity other than shortened snouts. Once fish reached adulthood (3 months), percent mortality normalized to control for the 25 and 50 pg TCDD/ml groups was 44 ± 4 and 90 ± 2%, respectively. Sex ratio was significantly shifted towards males in a dose-dependent manner (Table 1) . Overall, those that survived appeared healthy with CFs of 0.009 ± 0.0007, 0.009 ± 0.0008, and 0.0102 ± 0.0006 at 3 months of age in the DMSO and 25 and 50 pg TCDD/ml-treatment groups, respectively. Fish appeared to remain healthy at 11 months, with CFs of 0.009 ± 0.0003 and 0.010 ± 0.006 in the DMSO and 25 pg TCDD/ml groups, respectively.
Histologic study conducted on DMSO (vehicle control) and TCDD-exposed zebrafish at the prespawning stage of development (12 wpf) revealed that bony structures such as the bone in the operculum, maxilla, and mandible, and soft tissues including the heart, swim bladder, and ovary showed signs of dose-dependent TCDD toxicity (results summarized in Table 1 ; representative micrographs shown in Fig. 5 ). At the prespawning sampling time point, histologic lesions were evident in tissues other than gonad only in the 50 pg/ml treatment group. These fish showed underdeveloped cartilaginous and/or bony structures of the skull such as maxilla and mandible. The gill was also underdeveloped in this group compared with control fish, with smaller holobranchs, hemibranchs and gill filaments than those of controls. Pericardial edema was evident in 3/5 fish and mild hyperplasia the ventricular epicardium occurred in 2/5 fish in this group, respectively. Clear or proteinaceous edema fluid was evident in the peritoneum surrounding the gas bladder in 3/5 fish in the 50 pg/ml group, and in 2/5 of these fish gas bladders were underdeveloped with retention of myxomatous material between the tunica interna and the tunica muscularis, as typically occurred in zebrafish of an earlier developmental stage (Henry et al., 1997) . In 1/5 of these 78 fish the anterior chamber of the gas bladder was underinflated. Unfortunately just one female fish was available for histologic examination in the 25 pg/ml treatment group, and no females were available in the 50 pg/ml group at this sampling time point. Thus, definitive statements regarding effects of TCDD on ovarian histology at this stage of development cannot be made. However, in comparison to control females, the single TCDD-treated female examined showed showed an increase in the proportion of atretic and ovulated mature oocytes undergoing degeneration with basophilic material in the cytoplasm. No lesions were identified in the testis of TCDD-treated male zebrafish prior to spawning.
Postspawn, the only gross malformations observed in the 25 pg TCDD/ml-treatment group were effects on craniofacial structures in male fishes. These fish showed significantly reduced snout length (60% of control), smaller head (87% of control), and smaller operculum length (89% of control). As at 3 months, few histologic lesions were found in fish that reached 11 months of age (Table 1) . In males, the most pronounced lesions were identified in the liver, with 6/10 TCDD-treated males showing reduced glycogen stores in the hepatocyte cytoplasm. Based on our extensive previous published studies of glycogen depletion in TCDD-treated zebrafish, trout, and other fish species, the loss of characteristic glycogen clefts does not require special stains for confirmation (Henry et al., 1997; Spitsbergen et al., 1991) . No lesions were identified in the testes of males sampled at 11 months. Four of the six 25 pg TCDD/ml-treated females showed significant lesions in the ovary, including fewer vitellogenic follicles, presence of amorphous yolk and egg debris, increased atretic follicles, and 20% of ovarian tissue occupied by macrophages. Two of the ten control females showed similar, but less severe phenotypes, so the significance of these lesions remains unclear. Additional larger scale histologic studies incorporating PERSISTENT AND TRANSGENERATIONAL TCDD TOXICITY IN ZEBRAFISH morphometric analysis of the gonad that also include the F1 generation will be required to clarify these issues, and to draw definitive conclusions regarding the subtle latent effects of TCDD on the developing ovary of zebrafish.
Impacts on Reproductive Capacity
Fish exposed for one hour to 25 pg TCDD/ml weekly from 0 to 7 wpf showed reduced egg production (30-50% of control, Fig. 5A ). On average, only 43 ± 10% of TCDD-treated fish successfully spawned (released > 10 eggs per spawn event), whereas 85 ± 7% of control fish successfully spawned based on the individual spawn assays (p < 0.05). TCDD-treated fish that successfully spawned still produced significantly fewer eggs than control fish (~60% of control, p < 0.05). Males contributed slightly more than females to reduced egg production following exposure to TCDD. Control females spawned with TCDD-treated males (DF 3 TM) showed a marked reduction in egg production, producing fewer eggs (23% of control) than when spawned with control males (p < 0.05). When TCDD-treated females spawned with control males (TF 3 DM), egg production increased 34% relative to the number of eggs produced when control females were spawned with TCDD-treated males (DF 3 TM, p < 0.05); however, egg production was still significantly less than control (60% of DF 3 DM, p < 0.05).
TCDD-treated fish also showed significant reductions in the proportion of eggs that were fertilized; fertility for the population was approximately 90% of control (Fig. 5B , p < 0.05). When control females were spawned with treated males (DF 3 TM), fertility was not significantly improved; however, when treated females were spawned with control males (TF 3 DM), the proportion of fertilized eggs increased by 5% (compared with TF 3 TM, p < 0.05).
The ability of embryos to progress through the earliest stages of development is one measure of gamete quality. In TCDDtreated fish, mortality of offspring at 24 hpf was 3-5% greater than control (p < 0.05) suggesting that gamete quality of these fish was also reduced; these effects were not sex-dependent (i.e., no differences between offspring from DF 3 TM or TF 3 DM crosses; results not shown).
Transgenerational Effects
Unexposed offspring, from fish exposed to 25 pg TCDD/ml from 0 to 7 wpf (F1), showed reduced health and survival, with a 15% increase in mortality at 120 hpf compared with offspring from control fish (p < 0.05). Approximately 30% of F1 fish that survived through 120 hpf showed severe developmental anomalies including edema around the heart, eyes and jaws, as well as malformed yolk sacs due to incomplete yolk absorption (Fig. 6A) . Eighty percent of surviving F1 larvae failed to inflate their swim bladders and overall the fish showed reduced embryonic growth that was about 92% of control (p ¼ 0.05). Embryos did not show increased CYP1A activity (Figs. 6B-D) . F1 fish continued to show marked increases in mortality through adulthood (mortality was~10% higher during larval and juvenile stages compared with control); condition factor and sex ratios were not different from control (results not shown). However, the jaws of male F1 fish from TCDD-treated fish were significantly shorter (74% of control males, p < 0.05).
In addition to reduced survival, offspring from zebrafish exposed to TCDD during early life stages and gonad differentiation also showed reduced reproductive capacity. Egg production was 30-50% of control (Fig. 7A) . On average, FIG. 3 . Incidence of the individual endpoints of toxicity at 5 dpf following exposure to graded concentrations of TCDD for 1 h at 4-6 hpf. Percent of fish that were affected was determined from representative larval photomicrographs (n ¼ 18 fish per treatment).
FIG. 4.
Survival following early life stage exposure to TCDD. Exposure to all concentrations of TCDD during early life stages caused increased mortality (n ¼ 12; percent mortality is normalized to control). Arrows represent the times at which fish were pulse-exposed to waterborne TCDD; however, it should be noted that because TCDD is highly persistent, exposure was likely continuous during these stages, and may have continued past cessation of waterborne exposures.
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only 66 ± 5% of the F1 female offspring from TCDD-treated fish successfully spawned (released > 10 eggs per spawn event), whereas 83 ± 9% of F1 female offspring from control fish successfully spawned based on results of individual spawn experiments (p < 0.05). The F1 offspring from TCDD-treated fish that successfully spawned still released significantly fewer eggs than control fish (50% fewer eggs than control, p < 0.05). No sex-dependent effects on egg production were found. Fertility for the population of F1 offspring derived from TCDD-treated fish was 96% of control (Fig. 7B, p ¼ 0.05) ; however, no sex-dependent effects were found. Mortality of offspring at 24 hpf was not significantly greater (2-3% increase, p ¼ 0.06), suggesting that gamete quality of F1 fish was not affected (results not shown).
DISCUSSION
Although zebrafish are less sensitive to TCDD toxicity than other fish species, when exposed to sufficient concentrations of TCDD, endpoints of toxicity are essentially the same as in other fish species (Carney et al., 2006) . Nevertheless much of what we have learned thus far about the developmental toxicity of TCDD in zebrafish has come from studies using lethal doses of TCDD. Here we demonstrate for the first time in zebrafish, that exposure of embryos and larvae to concentrations of waterborne TCDD that are too low to cause larval mortality secondary to blue sac syndrome, still induce multiple, subtle, toxic responses that culminate in reduced health and survival. To our knowledge, this is the first work to demonstrate that transient exposure of zebrafish to TCDD during early development and sexual differentiation is capable of inducing latent TCDD toxicity in adults, as well as in their offspring whose only exposure to TCDD was as a gamete. Recent evidence suggests that exposure to endocrine disrupting compounds during early development may influence developmental programming, resulting in permanent functional changes not realized until later in life (Anway et al., 2006a; Chang et al., 2006; Heindel, 2005 Heindel, , 2007 Jefferson et al., 2007a,b; Nayyar et al., 2007; Uzumcu and Zachow, 2007) . This work provides the framework for further investigations into the mechanisms by which early life stage exposure to endocrine disruptors such Histological craniofacial malformations were more difficult to assess in 11-month-old fish due to variations in the plane of section across fish. However, gross assessment did identify craniofacial malformations in males (as described in the text). Remaining fish in the 50 pg/ml TCDD group were all males. Histolologic lesions were not observed in these males, or in males (n ¼ 10) sampled at 11 months. Under these rearing conditions, we typically see a female:male sex ratio ranging from 1:1 to 2:1. Sex was determined via external morphology, and confirmed by histology at 3 or 11 months.
PERSISTENT AND TRANSGENERATIONAL TCDD TOXICITY IN ZEBRAFISH as TCDD induces cardiac malformations and reproductive dysfunction later in life.
Dose-Response Developmental Toxicity
Although exposure to sublethal concentrations of TCDD did not induce the hallmark signs of blue sac disease in zebrafish larvae (Henry et al., 1997) , exposure to TCDD caused subtle malformations and reductions in growth that, in combination, likely influenced their poor survival following subsequent exposure. In fishes, survival and growth through the transitional period from endogenous feeding (yolk sac larvae, 0-4 dpf in zebrafish) to exogenous feeding (free-swimming larvae, 5-6 dpf in zebrafish) is directly correlated with recruitment success (Hjort's Critical Period Hypothesis, reviewed by [Cowan and Shaw, 2002] ). Therefore, subtle reductions in size and fitness of free-swimming larvae can have an impact on whether or not a population of fishes is able to sustain itself.
In larvae, both the heart and craniofacial structures are known to be sensitive to TCDD following exposure to lethal concentrations Elonen et al., 1998; FIG. 5 . Representative photomicrographs demonstrating lesions in prespawning zebrafish. (A, B) Exposure to TCDD during early life stages of zebrafish induced malformations of the head such as a shortened maxilla (arrow) and underdeveloped nasal mucosa compared with control (*). (C, D) Lesions in the gills (g, underdeveloped compared with control) and heart (pe, pericardial edema with proteinaceous fluid) were also noted. (E, F) Fish exposed to TCDD had an uninflated anterior swim bladder (arrow) containing myxomatous material (mxm) and excess clear fluid surrounding the swim bladder (*). (G, H) The ovary of TCDD-treated fish showed an increased proportion of atretic follicles (af) and amorphous yolk material (ay), as well as reduced numbers of vitellogenic follicles (v). See Table 1 for a full summary of the histopathology report. Abbreviations: v, ventricle; a, atrium; pe, pericardial edema; g, gills; mxm, myxomatous material; af, atretic follicles; ay, amorphous yolk material; vf, vitellogenic follicle. Scale bars in A, B, G, H ¼ 1000 lm; C, D, E, F ¼ 100 lm.
FIG. 6.
TCDD exposure during early development and gonad differentiation of zebrafish reduces egg production (no. of fertilized eggs, A) and fertility (% fertilized, B) of adults. Values represent the mean ± SE of n ¼ 7 averaged across four spawn events; letters denote significant differences (p < 0.05). Individual effects (DF 3 DM and TF 3 TM) represent egg production and fertility from successful spawns only (if spawns resulted in < 10 eggs/ female, data was excluded). In control fish, egg production and fertilization success was not different between population and individual spawn experiments; therefore, only results for individual spawns are presented. Abbreviations: DF, DMSO control female; DM, DMSO control male; TF, TCDD-treated female; TM, TCDD-treated male; individual effects, pair spawns; population effects, group spawns; sex-dependent effects, pair spawns of control 3 TCDD-exposed fish.
82 Heideman et al., 2005; Hill et al., 2005; Hornung et al., 1999; Peterson et al., 1993; Teraoka et al., 2002) . Here, we show that exposure to sublethal concentrations of TCDD impacts heart function in larvae, despite a lack of gross morphologic effects (pericardial edema or unlooped heart). Because cardiovascular health is directly correlated with swimming ability and overall health and survival of fishes Gamperl et al., 2002; Shingles et al., 2005) , it is likely that reduced heart function also contributes to their poor survival following subsequent exposure. Similarly, sublethal TCDD exposure did not induce significant gross craniofacial malformations. However, preliminary experiments by our group (King Heiden et al., 2008a) and others (Hill et al., 2004) show that exposure to low concentrations of waterborne TCDD does in fact induce subtle malformations in the lower jaw. Additional experiments are needed to determine whether such malformations in jaw structure result in reduced feeding capabilities.
A sensitive endpoint of developmental TCDD toxicity identified by this study was the effect on the swim bladder (lack of inflation) observed in free-swimming larvae. It has been suggested that absence of an inflated swim bladder can impair sensory capability and orientation of fishes, particularly in species such as cyprinids that utilize a Weberian apparatus for detecting and transmitting sensory information (Goolish and Okutake, 1999) . This could account for abnormal swimming behaviors seen in fish with overt TCDD toxicity. Furthermore, some studies suggest that failure to inflate the swim bladder can result in skeletal malformations (Chatain, 1994) , altered metabolic rates (Marty et al., 1995), reduced FIG. 7 . Exposure to TCDD during early development and gonad differentiation of zebrafish affects the quality of their offspring. Approximately 30% of offspring showed developmental anomalies (A, n ¼ 56). An in vivo EROD assay was performed at 96 hpf to assess TCDD-induced CYP1A enzyme activity (n ¼ 15). Representative TCDD-exposed fish (400 pg/ml, B), vehicle-exposed (DMSO, C), and F1 fish from fish exposed to 25 pg/ml TCDD during early life stages (D) are shown. Abbreviations: hm, head malformations including submandibular and perioccular edema, shortened snout, and smaller eyes; pe, pericardial edema; ym, yolk malabsorption (yolk not completely resorbed).
FIG. 8.
Both egg production (no. fertilized eggs, A) and fertility (% fertilized, B) of the F1 fish were also decreased. Values represent the mean ± SE of n ¼ 10 averaged across four spawn events; letters denote significant differences (p < 0.05). Individual effects (DF 1 3 DM 1 and TF 1 3 TM 1 ) represent egg production and fertility from successful spawns only (if spawns resulted in < 10 eggs/female, data was excluded). In F1 from control fish, egg production and fertilization success was not different between population and individual spawn experiments; therefore, only results for individual spawns are presented. Abbreviations: DF 1 , F1 from DMSO control female; DM 1 , F1 from DMSO control male; TF 1 , F1 from TCDD-treated female; TM 1 , F1 from TCDD-treated male; individual effects, pair spawns; population effects, group spawns; sex-dependent effects, pair spawns of control 3 TCDD-exposed fish.
PERSISTENT AND TRANSGENERATIONAL TCDD TOXICITY IN ZEBRAFISH growth (Chatain, 1987) , and increased stress-induced mortality (Chatain and Dewvrin, 1989) in free-swimming larvae and juveniles. Because zebrafish are physostomous fishes (Finney et al., 2006) , it is unclear whether or not impacts of TCDD exposure on inflation of the swim bladder of larval fishes would be permanent and impact overall fitness. It is likely that lack of swim bladder inflation contributed to the increased mortality of larval and juvenile fish by, for example, reducing their ability to catch prey. Alternatively, affected fish could have later filled their swim bladders (by gulping air), and mortality could be related to other developmental toxicities.
Once TCDD-treated fish reached adulthood, effects on the swim bladder were found in only in those treated with 50 pg TCDD/ml, and were restricted to the anterior swim bladder (used primarily for acoustic resonation in physostomous cyprinids; Finney et al., 2006 and references therein) . However, fish did not show reduced condition factor suggesting that in a laboratory setting, surviving fish were able to eventually compensate for any effects on the swim bladder. Long-term effects of TCDD on inflation of the swim bladder with regard to survival through larval and juvenile stages and overall fitness warrant further clarification. From this work one can hypothesize that collectively, subtle developmental adverse effects on the swim bladder, heart, and jaw caused by TCDD exposure in zebrafish could account for observed reductions in larval growth rates and poor survival through early larval and juvenile stages.
Latent TCDD Toxicity in Adults
An important result of the present study was our discovery that exposure to TCDD from early development through sexual differentiation caused latent endpoints of toxicity that persisted in adult zebrafish. Latent toxic responses were found primarily in fish exposed to 50 pg TCDD/ml, and most of the lesions observed were likely the result of residual cardiovascular toxicity or maturation arrest. Only at the lowest concentration of TCDD, 25 pg/ml, did significant numbers of fish survive through adulthood; of those that survived, histopathologic responses were minimal. Overall, only the craniofacial structures and the gonad were significantly affected by exposure to 25 pg TCDD/ml during early life stages, with fish showing shortened jaws and smaller heads, male-biased sex ratios, and altered ovarian development.
Although sex is determined genetically for most fish species, sex differentiation is labile and can be modulated, for example, by exposure to androgenic and estrogenic compounds (Hunter and Denton, 1983) . Potential implications of TCDD exposure on sex ratio, whereas interesting, remain unclear as several factors can affect sex differentiation in zebrafish (Shang et al., 2006; Slanchev et al., 2005) , and with the high mortality during juvenile stages, we cannot rule out sex-dependent mortality as a factor that influenced sex ratios. However, this work illustrates the clear need for further investigation into the possibility that HAHs such as TCDD may influence sex differentiation in fishes.
Interestingly, early life stage exposure to TCDD resulted in similar, but less severe, ovarian toxicity as previously described in adult female zebrafish exposed to TCDD (King Heiden et al., 2006; Wannemacher et al., 1992) and adult carp living in TCDD-contaminated waters (Sakamoto et al., 2003) . Previous work suggests that exposure of sexually mature females to TCDD may inhibit follicular development by downregulating estrogen-responsive genes (King Heiden et al., 2008b) , resulting in impaired reproduction. Although our findings do not conclusively demonstrate that such subtle impacts on ovarian development underlie observed reduced egg production, they demonstrate the clear need for further investigations into the mechanisms by which early life stage exposure to AHR ligands such as TCDD influence ovarian development, including a quantitative assessment of follicular development, serum hormone levels, and ovarian gene expression.
Less is known regarding the effects of TCDD on the testes. Although TCDD exposure to sexually mature males has been demonstrated to induce lesions in the testes of medaka characterized by a disorganization of spermatogenesis at the testis periphery, disruption of the interstitium, leydig cell swelling, and sertoli cell vacuolation (Volz et al., 2005) , no lesions were identified in the testes of zebrafish following early life stage exposure to TCDD. Differences in the response of the testes between these fish species could be attributed to several factors including age at exposure, dose and route of exposure, or species-specific differences in tissue distribution and susceptibility to TCDD.
Impacts on Reproductive Capacity
Although the reproductive toxicity of TCDD in adult female fishes has been well established (Giesy et al., 2002; King Heiden et al., 2005 Palstra et al., 2006; Walker and Peterson, 1994; Wannemacher et al., 1992) , this is the first report in fishes with reduced reproductive capacity following exposure to TCDD during early life stages. Exposure to TCDD at this time reduced egg production, fertility and gamete quality of adult zebrafish. Altered follicular development following exposure to TCDD may contribute to observed reductions in egg production. Although a 10% reduction in fertility alone may not cause population-level effects (Gurney, 2006) , in conjunction with reduced egg production and poor offspring survival, impacts on reproductive capacity following exposure to TCDD during early life stages may pose a threat to sustainability of fish populations. It was interesting that even though the testes were devoid of lesions, males appear to contribute more to TCDD-induced reductions in egg production and fertility. Several factors could contribute to this including effects of TCDD on the quality of sperm produced or altered reproductive behavior, and warrant further study.
Finally, these studies suggest that exposure to TCDD during early life impairs the quality of gametes produced (as measured here by survival through the earliest stages of development), as 84 has been previously demonstrated following exposure to adult females (King Heiden et al., 2005) . Impacts on gamete quality are thought to have profound effects on natural populations of fishes (Kime and Nash, 1999) . Further studies evaluating the mechanisms by which TCDD reduces gamete quality are necessary to determine which component of the reproductive system is most sensitive to TCDD-like compounds.
Transgenerational Effects
Probably the most striking results from these studies were impacts on the F1 generation. Recruitment and reproductive success of offspring are another important aspect of reproductive capacity, and even within a laboratory setting, survival of F1 fish through adulthood was reduced by approximately 25%. It is likely that this would be increased if these fish had to compete for resources and deal with additional pressures such as predation or disease, and suggests that early life stage exposure to AHR ligands such as TCDD can impair recruitment even if the offspring are not additionally exposed to the toxicant (other than as gametes). Thus, for the first time in fish, we show that not only is survival of F1 fish derived from fish exposed to TCDD from early development through gonad differentiation reduced, but so is their reproductive capacity. Histopathology of these fish has not been completed; therefore, at this time we cannot comment on whether gonad development of F1 fish was impaired.
Based upon the lack of observable CYP1A1 activity in F1 larvae, the observed increase in mortality and reduction in reproductive capacity of offspring from fish exposed to TCDD during early life stages is not likely the result of maternal transfer of TCDD. The only time that F1 fish could potentially have been exposed to TCDD was as gametes. Therefore, the mechanisms that underlie the reduced quality of offspring have yet to be determined. Some suggest that exposure to endocrine disrupting chemicals during early stages of development can affect the germ line via epigenetic mechanisms, resulting in increased susceptibility to disease or reduced fitness later in life (Anway and Skinner, 2006; Anway et al., 2006; Chang et al., 2006; Heindel, 2005 Heindel, , 2007 Jirtle and Skinner, 2007) . It is important that these findings be replicated to provide sufficient evidence for the hypothesis that epigenetic alterations may underlie transgenerational effects of TCDD on reproductive capacity.
In summary, this work suggests that exposure to TCDD during early life stages may have a profound effect on the ability of a fish population to sustain itself, even when no gross malformations or histologic lesions are present in adults. Semelparous and iteroparous fish species with long life spans, no parental guarding behaviors, and increased age to maturation (i.e., trout and salmon species) are thought to be more sensitive to chronic stressors (Spromberg and Birge, 2005a,b) , and are considerably more sensitive to the developmental toxic effects of TCDD (Elonen et al., 1998; Hahn, 2001; Peterson et al., 1993; Spitsbergen et al., 1991; Tanguay et al., 2003; Walker et al., 1991) . Therefore, it is not difficult to hypothesize that exposure to TCDD and related AHR agonists could greatly impair sustainability of sensitive wild fish populations. It is thought that exposure to HAHs such as TCDD contributed to the population declines of lake trout in Lake Ontario during the 20th century (Cook et al., 2003; Spitsbergen et al., 1991; Tillitt et al., 2008; Walker et al., 1991) and to the collapse of current silver eel populations in Europe (Palstra et al., 2006) . Our work supports this hypothesis and illustrates the usefulness of the zebrafish as a model to evaluate population-relevant effects of TCDD exposure in wild fish and their offspring, and to investigate the molecular mechanisms that underlie such effects. 
